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Abstract
We review the issue of neutrino mass by concentrating on the mini-
mal extensions of the standard model. In particular, we emphasize the
role that gravitation may play in this regard and discuss the central
aspects of the see-saw mechanism of generating neutrino mass, includ-
ing the possibility of the see-saw scale being close to the electroweak
scale.
∗To be published in the Proceedings of the European Physical Society Meeting, HEP93,
Marseille, July 1993.
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The experimental limits on neutrino masses are [1]:
m(νe) ≤ 8eV, m(νµ) ≤ 220keV, m(ντ ) ≤ 31MeV (1)
Why are neutrinos much lighter than the charged leptons? If they are
not massless, can the theory shed any light on the values of their masses?
Can neutrino mass be responsible for the solar neutrino puzzle and (or) dark
matter of the universe? We summarize briefly the situation regarding the
above questions keeping the theoretical framework as simple as possible.
I. The standard model and the neutrino mass.
It is a text-book knowledge that mν = 0 in the standard model. Is it
necesarily so? Define first the standard model as a theory without νR (as is
commonly done). The only mass term for neutrino is necessarily of Majorana
type νTLCνL and this is forbidden by the B-L accidental U(1) symmetry of
the standard model. Thus, neutrino is massless, to all orders in perturbation
theory. Furthermore, since B-L is anomaly free there can be no nonpertur-
bative weak interaction effects that could induce a tiny mν . There seems to
be no possible loophole in the argument.
Now, what if gravity breaks B-L symmetry? We know that global sym-
metries may have no meaning in the vicinity of black holes. If so, we have no
right to assume that the effective theory respects this symmetry (however,
SU(2)× U(1), being a local gauge symmetry, would still remain unbroken).
The relevant leading order operator that breaks B-L has the form [2]
∆Leff ≃ cij(ℓ
T
i Cτ2~τℓj)
(φT τ2~τφ)
Mpl
(2)
where ℓi =
(
νi
ei
)
L
and φ is the usual Higgs doublet; and Mpl is the
Planck scale and cij are numbers (of order one?). This should imply a neu-
trino mass matrix
(M)ij = cij
< φ >2
Mpl
≡ cijmν (3)
where mν sets the neutrino mass scale, mν ≃ 10
−5eV . This appears
ridiculously small and at first glance of academic interest only. What about
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cij? One possibility is cij = cδij , in which case all ν’s would be degenerate:
∆m2ν = 0. But, on the other hand, we could imagine gravity leading to a
“democratic” mass matrix; cij = 1 for all i, j = 1, ..., N . For N = 2, this
would imply
Mν = mν
(
1 1
1 1
)
(4)
or m(1)ν = 2mν , m
(2)
ν = 0 and ∆m
2
ν = 4m
2
ν ≃ 10
−10eV 2, θmix = 45
o.
The mass difference ∆m2ν ≃ 10
−10eV 2 with the maximal mixing is pre-
cisely what is needed for the so called “just so” long oscillation length solution
of the solar neutrino puzzle (SNP). The electron neutrino leaves the sun and
by the time it arrives to Earth it is turned into the muon neutrino. Similar
conclusion is reached for the realistic case N = 3.
In short, contrary to the conventional wisdom, the standard model as
it stands may offer a resolution to the SNP (as long as you are willing to
accept gravity as part of the theory). On the other hand, no other interesting
consequence for the neutrino physics: no dark matter and no neutrino-less
double β decay.
II. The see-saw mechanism.
Things can change drastically if you add a righthanded neutrino to the
model (a minimal change). The SU(2) × U(1) gauge symmetry implies the
well-known form of the neutrino mass matrix [3]
νL
νR
(
0 mD
mD MR
)
(5)
where you expect an SU(2) × U(1) invariant mass for νR, MR ≫ mD
(Dirac mass term). This implies the celebrated see-saw induced small mass
for νL
mν ≃
m2D
MR
(6)
The neutrino is light not because mD ≪ me, but since its righthanded
counterpart is very heavy: MR → ∞ means mν → 0. Of course, in order
to predict mν we must know where MR lies (and also somehow determine
mD). Let us discuss some possible values of MR associated with different
ideas about its origin.
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A. Planck scale as MR (gravity again).
Certainly a natural value, after all this is the only new physics scale we
know of. This means we are back in the situation described in I, when gravity
is assumed to break a global B-L symmetry.
B. MR and left-right symmetry.
In SU(2)L × SU(2)R × U(1)B−L left-right symmetric theories MR is the
scale of SU(2)R and B-L (gauged) symmetry breaking. The breaking is
achieved with the Higgs fields ∆L and ∆R, triplets under SU(2)L and SU(2)R
respectively, carrying two units of B-L, so that MR ≃< ∆R > [4].
What aboutMR? Experiment tells us onlyMR > 1TeV . Here I just wish
to report on the interesting possibility of MR ≃ 1TeV ; if you also assume
mD ≃ me (charged lepton mass), you end up with a spectrum of neutrino
masses
m(ντ ) ≃ 1MeV, m(νµ) ≃ 10keV, m(νe) ≃ 1eV (7)
interestingly close to the experimental limits. This forces ντ and νµ to
decay (it is certainly possible) [5] and νe could be the dark matter of the
universe. Furthermore, we could expect visible neutrino-less double β decay
[4], but no impact on the SNP.
Of course, nothing prevents us from taking MR to be large. In this case,
it makes sense to embed SU(2)L × SU(2)R × U(1)B−L into a SO(10) grand
unified theory which can give us a hint on MR and also relate mD to mL.
C. MR and grand unification.
In SO(10) νR completes the one-family content of a 16-dim. spinorial
representation and ∆L and ∆R belong to a 126 dimensional Higgs. In the
minimal version one predicts mD = mu and thus from (6) m(ντ ) : m(νµ) :
m(νe) = m
2
t : m
2
c : m
2
u under the assumption that MR is generation blind (?).
In that case you have an interesting possibility of m(ντ ) ≃ (1−10)eV needed
for dark matter, m(νµ) ≃ (10
−4 − 10−3)eV and m(νe) ≃ (10
−9 − 10−8)eV ,
allowing for an MSW solution [1] of the SNP. Also, the mixing angles may
lie in the desired range, but I will not discuss it here due to lack of space.
The above possibility is realized with MR being an intermediate symmetry
breaking mass scale.
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However, even the qualitative features of the predictions depend on the
nature of symmetry breaking. If instead of 126H you use 16H to break SU(2)R
and B-L, MR gets induced at the two-loop level [6] and MR ∝ mu, which in
the minimal theory gives mν ∝ mu (and not m
2
u). For m(ντ ) ≃ (1 − 10)eV ,
now m(νµ) ≃ (10
−2 − 10−1)eV and m(νe) ≃ (10
−5 − 10−3)eV , which would
be outside the MSW range.
D. Majorons: MR and global B-L breaking.
Of course, B-L may not be gauged and its spontaneous breaking would
then result in a Goldstone boson, the Majoron [7]. The result is still the
see-saw as in (6), only MR =< σ >, where σ is an SU(2)×U(1) singlet field
with (B − L)σ = 2σ. Again, MR = ?
An interesting possibility materializes if one takes seriously the gravita-
tionally induced breaking of global symmetries [8], [9]. The Majoron gets
a mass and has to decay into νν pairs in order not to upset the standard
cosmological scenario. Now, the Jνν coupling is of order < σ >−1, hence an
upper limit on < σ >< 1TeV , which implies a lower limit on the heaviest
neutrino mass, mν ≥ (0.1− 1)eV [9]. In other words, it is expected that the
neutrino makes some portion of the dark matter of the universe.
III. Summary.
As I have tried to demonstrate, the theory of neutrino mass suffers from
a grave setback, an inability to provide a prediction. It is highly suggestive
that the neutrino is a Majorana particle, for then the see-saw mechanism
offers a natural explanation of the smallness of mν . The trouble is that mν
depends sensitively on MR, the mass of the right-handed neutrino and MR
may lie anyway between 1TeV and 1019GeV [10]. The end points are kind
of interesting. For MR ≃ 1TeV , you end up with neutrino mass close to
the experimental limits and you would expect νe to provide a dark matter
and also to give observable neutrino-less double β decay. The Planck scale
value, MR ≃ 10
19GeV , on the other hand , could gives us naturally the “just
so” oscillation solution to the SNP just by including gravity to the standard
model.
The values for MR in between, not surprisingly, offer a large range of
different possibilities for mν . You may have ντ as dark matter and you may
have MSW solution to the SNP and you may even have them simultaneously
5
in the attractive case of MR being an intermediate scale in SO(10). It is
clear that we need more experimental information desperately.
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